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Nomenclature 


pitch  coefficient  defined  by  Equation  (2) 

static  pressure  coefficient  defined  by  Equation  (4) 

total  pressure  coefficient  defined  by  Equation  (3) 

yaw  coefficient  defined  by  Equation  (1) 

characteristic  probe  diameter,  ft 

an  average  pressure  defined  by  Equation  (5),  psfa 


pressure  measured  at  the  central  probe  hole  (Figures  (1) 
and  (2)),  psfa 


pressures  measured  in  the  yaw  plane  (Figures  (1)  and  (2)),  psfa 


pressures  measured  in  the  pitch  plane  (Figures  (1)  and  (2)), 
psfa 


any  numbered  pressure,  psfa 
a reference  pressure,  psfa 

the  true,  local  static  pressure  at  the  sensing  element,  psfa 
the  true,  local  total  pressure  at  the  sensing  element,  psfa 
(V  *d)/v  = Reynolds  number 


the  magnitude  of  the  velocity  vector  at  the  probe  sensing 
element,  fps 


reference  or  free  stream  velocity,  fps 


the  three  orthogonal  velocity  components  defined  in  Figures 
(1)  and  (2),  fps 


angle  in  the  pitch  plane,  degrees 
angle  in  the  yaw  plane,  degrees 
indicates  a pressure  difference,  psfa 
fluid  mass  density,  slugs/ft3 
kinematic  viscosity,  ft2/sec 
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INTRODUCTION 


In  many  complex  flow  fields  such  as  those  encountered  i.n  turbomachines, 
the  experimental  determination  of  the  steady-state,  three-dimensional 
characteristics  of  the  flow  field  are  required.  If  space  limitations, 
or  other  considerations,  make  nulling  techniques  impractical,  five-hole 
probes  in  a non-nulling  mode  can  be  employed  for  measurements  in  low  speed, 
incompressible  flows.  This  application  requires  three-dimensional  calibra- 
tion data  which  are  not  usually  supplied  by  commercial  vendors.  Thus,  the 
measurement  of  these  data  and  the  development  of  an  interpolation  procedure 
to  employ  these  calibration  data  become  the  responsibility  of  the  user. 


The  application  of  five-hole  probes  is  not  new  but  dates  back  as  far  as 
Admiral  Taylor's  work  in  1915,  Reference  [1],  Other  work  followed;  but 

Pien,  Reference  [2],  was  the  first  to  show  theoretically  that  for  a 
spherical  probe  the  velocity  component  in  any  plane  in  space  can  be 
obtained  independently  from  three  pressure  measurements  in  that  plane. 
Although  this  potential  flow  solution  is  valid  for  perfectly  formed 
spherical  probes  in  inviscid  flows  of  restricted  angularity,  Pien  found 
it  necessary  to  obtain  experimental  calibration  data.  The  initial  pro- 
gram employing  five-hole  probes  at  the  Applied  Research  Laboratory  of 
The  Pennsylvania  State  University  involved  the  measurement  of  the  three- 
dimensional  wake  in  the  propeller  plane  of  a surface  ship  model  installed 
in  the  test  section  of  the  48-inch  diameter  Garfield  Thomas  Water  Tunnel, 
References  [3]  and  [4],  Since  the  probes  employed  in  this  study  were  of 
angle-tube  and  prismatic  geometries,  the  approach  of  Krause  and  Dudzinski, 
Reference  [5] , which  includes  geometric  and  viscous  effects  was  most  appli- 
cable. However,  this  method  required  extension  to  enable  the  measurement  of 
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the  local  pressures  and  the  magnitude  and  direction  of  the  corresponding 
velocity  at  the  probe  tip. 

Because  the  g * xl s of  the  ARL/PSU  five-hole  probe  program  were  application 
oriented,  the  objectives  of  the  five-hole  probe  phase  of  the  program  were 
rather  pragmatic  in  nature.  Primary  objectives  were  specified  in 
three  areas:  (1)  calibration:  to  develcj  the  necessary  hardware  and 
experimental  procedures  to  use  existing  test  facilities  for  the 
calibrat  ’.on  of  the  five-hole  probes;  (2)  analysis:  to  develop 
int  or  and  data  reduction  procedures  which  use  the  calibration 

data  a..-.',  rs...  measured  pressures  to  define  the  velocity  vector  at  the 
probe  tip;  and  (3)  measurement:  to  survey  known  and  unknown  three- 
dimensional  flow  fields. 

Discussed  in  the  following  pages  are  the  probe  design  considerations, 
the  calibration  device,  the  calibration  procedure,  the  comparison  of 
calibration  data  for  different  geometries,  and  the  data  analysis 
techniques  employed  in  the  development  of  the  five-hole  probe  system. 
Because  calibration  data  should  be  independent  of  measured  quantities, 
the  effects  of  Reynolds  number  variations  were  assessed  by  calibrating 
the  prism  probes  in  Jr  over  Reynolds  number  range  of  2000  to  7000. 

The  angle-tube  probes  were  calibrated  in  water  at  a Reynolds  number 
of  20,000  and  in  air  at  8400.  Also  investigated  was  the  effect  of 
wall  proximity  on  the  calibration  characteristics.  Both  types 
of  probes  have  been  used  in  subsequent  programs;  characteristic  results 


are  included. 
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PROBE  GEOMETRIES 


As  the  name  implies,  five-hole  probes  are  characterized  by  five  pressure 
sensing  holes  lying  in  two  perpendicular  planes  with  the  line  of  inter- 
section of  the  two  planes  passing  through  the  central  hole.  Two 
different  hole  arrangements  are  diagrammed  in  Figures  (1)  and  (2) 
where  the  pitch  and  yaw  planes  are  also  identified. 


Five -hole  probes  are  commercially  available  in  several  configurations; 
namely,  spherical,  conical,  prismatic,  etc.  Five  different  probes 
that  have  been  used  at  the  ARL/PSU  are  shown  in  Figure  (3) . The 
primary  emphasis  in  this  paper  will  be  placed  on  the  results  obtained 
while  using  the  commercially  available  0.125  inch  (0.318  cm)  diameter 
prism  probe  and  the  angle- tube  probe.  The  angle-tube  probes  were 
fabricated  at  ARL/PSU  according  to  the  criteria  presented  in  References 
[f]  and  [6].  The  probe  tip  was  made  from  five  pieces  of  0.050  inch 
(0.127  cm)  diameter  hypodermic  tubing  which  had  an  assembled  diameter 
of  0.150  inch  (0.381  cm).  The  tubes  were  bonded  together  with  soft 
solder.  Tangential,  epoxy  fillets  between  the  tubes  were  hand  formed 
to  acceptable  hydrodynamic  contours.  A 0.250  inch  (0.635  cm)  diameter 
supporting  member  of  circular  cross  section  was  chosen  to  avoid  possible 
angle-of -attack  errors  which  may  be  introduced  with  a more  streamlined 
shape.  The  probe  tip  was  located  four  support  diameters  upstream 
of  this  member  to  avoid  support  interference  effects.  The  support 
was  extended  four  support  diameters  beyond  the  tubing  to  improve 
the  flow  symmetry  at  the  probe  tip. 


The  geometry  of  the  prism  probe  facilitates  its  use  in  turbomachinery 
research,  since  it  can  be  easily  inserted  through  casings  and  used 
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in  studies  where  spatial  restrictions  are  present.  The  geometry 
of  the  angle  tube  probes  has  generally  limited  their  use  to  studies 
where  the  presence  of  flow  boundaries  has  not  been  a problem. 
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CALIBRATION 


Discussion 


The  five-hole  probes  employed  in  this  study  were  used  in  a fixed 
position  or  non-nulling  mode.  This  means  that  relationships  must 
be  determined  between  the  measured  pressures  at  the  five  holes  and 
the  true,  local  total  and  static  pressure  or  velocity.  These  desired 
relationships  are  usually  expressed  as  dimensionless  pressure  coefficients, 
which  are  functions  of  the  flow  angularity.  Since,  when  in  use, 
the  flow  angles  are  unknown,  relationships  between  the  five  measured 
probe  pressures  and  the  flow  direction  are  also  required. 


It  would  be  advantageous  if  the  calibration  characteristics  of  a 
five-hole  probe  could  be  determined  by  analytical  procedures.  For 
probes  of  spherical  geometry,  a potential  flow  solution  can  predict 
the  pressure  distribution  and  the  corresponding  calibration  characteristics 
to  a reasonable  accuracy.  However,  due  to  manufacturing  inaccuracies 
and  to  operating  range  and  accuracy  requirements  encountered  in 
the  laboratory  or  field  conditions,  calibrations  are  required  for 
probes  of  this  simple  geometry.  For  probes  of  angle-tube  or  prismatic 
geometry,  analytical  procedures  of  any  type  are  difficult.  These 
complex  geometries,  characterized  by  abrupt  changes  in  contour, 
are  subject  to  viscous  effects  which  are  not  modeled  by  current 
computational  techniques.  Thus,  the  only  mathematical  consideration 
at  this  stage  is  how  to  represent  a given  probe's  response  character- 
istics to  a known  flow  field. 
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For  operation  in  the  non-nulling  mode,  it  is  apparent  that  the  calibration 
characteristics  must  include  data  that  represent  pressure  differences 
in  both  the  pitch  and  yaw  planes.  Figures  (1)  and  (2),  as  well  as 
differences  between  the  measured  anc  the  true  local  total  and  static 
pressures.  The  pressure  coefficients  representing  these  data  must 
be  defined  so  that  they  are  independent  of  velocity  and  are  a function 
only  of  the  flow  angularity.  Krause  and  Dudzinski  [5]  found  chat 
an  indicated  dynamic  pressure  formed  by  the  difference  between  the 
indicated  total  pressure,  P^,  and  the  averaged  value  of  the  four 
indicated  static  pressures,  P^>  and  P,.,  was  a satisfactory 
normalizing  parameter.  It  was  demonstrated  in  Reference  [6]  that 
this  normalizing  parameter  reduced  the  scatter  in  the  calibration 
data  as  compared  to  using  the  true  dynamic  pressure.  This  is  convenient, 
since  using  the  true  dynamic  pressure  would  have  introduced  an  unknown 
quantity.  The  four  calibration  coefficients  are  defined  as  follows: 


*<*ya„  • <VP3)/<PrP) 


Cppitch  ■ <VV/<VP> 


^ total  - <PrPtotal)/(PrP) 


’static  ’ <P-Pstatic)/(PrP) 


P ' (p2+P3+P4+P5,/4  • 


The  pitch  and  yaw  planes  are  illustrated  in  Figures  (1)  and  (2) . Their 
__ 

all  terms  are  defined  in  the  nomenclature 
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orientation  relative  to  the  probe  is  dependent  on  the  device  used 
to  position  the  probes  during  calibration.  The  "yaw-pitch"  device 
shown  in  Figure  (4)  was  used  in  a uniform  flow  field  and  permitted 
first  a rotation  of  the  probe  about  its  longitudinal  axis;  i.e.,  a 


a 


change  in  yaw  angle,  8.  The  probe  was  then  tilted  forward  or  backward 
providing  a change  in  pitch  angle,  a.  An  alternate  approach  would 
be  to  use  a "pitch-yaw"  device  which  permitted  a pitching  motion  followed 
by  a yawing  motion.  Either  approach  is  satisfactory  if  the  user  is 
consistent  in  the  resolution  of  the  velocity  vectors,  Figures  (1) 
and  (2).  For  both  calibration  and  application,  the  probe's  reference 
line  is  defined  by  some  consistent  characteristic  of  the  probe's 
geometry.  In  application  a reference  direction  obtained  by  balancing 
with  P^  and  P^,  with  P<.  is  not  always  meaningful  since  initially 
a known  flow  direction  would  be  required  to  relate  the  balanced  condition 
to  an  absolute  spatial  reference. 

Apparatus  and  Procedure 


The  previously  discussed  "yaw-pitch"  calibration  device,  which  is 
shown  installed  in  the  circular  test  section  of  the  12-inch  diameter 
water  tunnel.  Figure  (5),  permitted  a ±30°  rotation  in  both  pitch 
and  yaw.  Because  uniform  flow  fields  were  available  in  the  12-inch 
diameter  water  tunnel  and  an  open  jet  facility,  a more  complex  device 
which  would  have  maintained  the  probe  tip  at  a fixed  location  was 
not  required.  During  the  calibrations  conducted  in  the  open  jet 
facility,  precautions  were  taken  to  insure  that  the  probes  were  located 
in  the  potential  core  of  the  jet.  The  velocity  in  the  test  section 
of  the  water  tunnel  and  in  the  potential  core  of  the  jet.  Reference  [7], 
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had  been  shown  by  previous  studies  to  be  uniform  within  the  accuracy  of  the 
experimental  measurements. 


A schematic  diagram  of  the  instrumentation  for  the  open  jet  calibrations  is 
shown  in  Figure  (6) . The  reference  total  pressure  was  measured  in  the  upstream 
settling  section,  and  atmospheric  pressure  was  used  as  the  reference  static  pres- 
sure. A similar  arrangement  was  used  in  the  water  tunnel  calibrations  except, 
the  reference  static  pressure  was  recorded  by  a wall  pressure  tap  in  the  test 
section. 


To  conduct  the  calibration  of  a given  probe,  the  test  velocity  was  maintained  at  a 
constant  value.  For  calibration  conducted  in  the  12. 0-inch  diameter  water  tunnel, 
the  test  section  pressure  was  set  at  a value  that  was  high  enough  to  avoid  cavita- 
tion at  the  probe  tip.  The  probe  was  positioned  at  one  of  the  predetermined  yaw 
angles  and  then  moved  in  prescribed  increments  through  the  pitch  angle  range.  At 
each  of.  the  calibration  points,  the  seven  differential  pressures  indicated  in 
Figure  (6)  were  recorded  and  processed  on  an  IBM  1130  computer.  The  data  reduction 
program  enabled  the  calculation  of  the  four  previously  defined  pressure  coefficients, 
the  test  section  velocity,  and  the  Reynolds  number  based  on  the  probe  tip  diameter. 
Each  probe  was  calibrated  three  times;  the  resulting  voltages  were  repeatable  with- 
in two  percent  of  the  voltage  corresponding  to  the  maximum  dynamic  pressure.  The 
final  calibration  characteristics  were  the  mean  values  of  the  coefficients  computed 
from  the  three  individual  runs.  A statistical  analysis  of  these  data  based  on  a 
typical  probability  curve  indicated  that  the  90  percent  error  of  the  mean  was  less 
than  2.25  percent  of  the  maximum  value  of  each  coefficient. 


Results  of  the  Calibrations 


A complete  set  of  calibration  data  for  both  probe  geometries  are  pre- 
sented in  Figures  (7),  (8)  and  (9),  where  the  graphical  data  have 
been  represented  by  spline  curves.  Reference  [8],  passing  through 
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the  individual  data  points.  Shown  in  Figure  (7)  are  grids  of  Cpvaw 
versus  CPp££Cjj»  where  the  nearly  horizontal  curves  are  curves 
of  constant  8 and  the  nearly  vertical  curves  are  curves  of  constant 
a.  Figures  (8)  and  (9)  show  the  variation  of  CPstat:j_c  anc*  ^total 
with  a for  constant  values  of  8. 

Basically,  the  calibration  data  for  the  two  probes  are  similar;  the 
differences  can  be  primarily  attributed  to  geometric  characteristics. 

One  difference  is  indicated  by  the  comparison  of  the  two  Cpp^tck 
versus  Cpyaw  grids,  which  show  that  the  prism  probe  has  a much  smaller 
range  of  CPp^^  values.  This  reduced  range  will  result  in  an  increased 
sensitivity  of  the  prism  probe  to  small  flow  variations  in  the  pitch 
plane.  The  velocity  component  in  this  plane  may,  therefore,  exhibit 
more  data  scatter. 


The  smaller  range  in  Cp  is  attributed  to  the  different  types  of 

surfaces  on  which  the  holes  in  the  two  planes  are  located.  At  large 
yaw  angles,  one  hole  in  the  yaw  plane  is  approximately  aligned  with 
the  flow  and  senses  pressures  near  the  free-stream  total  pressure. 

The  other  hole  senses  a pressure  much  less  than  the  free-stream  static 
pressure,  due  to  the  acceleration  of  the  flow  around  the  probe. 

For  the  prism  probe,  however,  the  holes  in  the  pitch  plane  have 

a different  response.  At  large  pitch  angles,  one  hole  again 

senses  a pressure  near  the  free-stream  total  pressure,  whereas 

the  other  hole  senses  a pressure  that  is  greater 

than  the  free-stream  static  pressure.  This  latter  pressure  may  be 

higher  due  to  a lower  local  acceleration  and  pressure  recovery  in 

the  separated  flow.  Thus,  the  pressure  difference  sensed  by  the  holes 

in  the  yaw  plane  exceed  the  difference  measured  by  the  holes  in  the 
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pitch  plane.  The  resulting  pressure  coefficients  reflect  these 
differences. 


The  other  major  difference  between  the  response  of  the  two  types  of 
probes  is  that  the  Cpstat;£c  response  of  the  prism  probe.  Figure  (8), 
is  somewhat  skewed’ with  respect  to  that  of  the  angle-tube  probe. 

The  central  hole  of  the  prism  probe  is  located  only  two  probe  diameters 
from  its  tip  and  is  probably  subject  to  complex  end-flow  effects. 
Whereas,  the  angle-tube  probe  had  an  extended  support  to  improve  flow 
symmetry. 


Other  repeatable  nonsymmetries  appearing  ii;  the  data  apparently  resulted 
from  the  inability  to  fabricate  a symmetric  probe.  Differences  between 
the  calibration  characteristics  of  different  probes  of  similar  size 
and  geometry  were  also  observed.  These  observations  emphasize  the 
need  to  individually  calibrate  each  probe. 


All  calibration  data  were  repeatable  within  the  two  percent  of  the 
reference  dynamic  pressure  when  subjected  to  recalibration.  These 
data  consistently  described  the  response  of  a particular  probe,  and 
thus,  permit  the  successful  application  of  the  five-hole  probes  in 
a non-nulling  mode. 


APPLICATION 
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When  used  in  the  non-nulling  mode  of  operation,  the  five-hole  probe 
provides  five  pressure  measurements  via  a differential  pressure 
transducer.  These  pressures  are  usually  recorded  relative  to  some 
reference  pressure,  P i-e.. 


(6) 


where  the  subscript  "i"  refers  to  the  subject  pressure.  Local  total 
and  static  pressure,  pitch  angle,  yaw  angle,  and  the  three  orthogonal 
velocity  components  can  be  computed  from  the  probe  data  and  the 
measured  reference  pressure.  The  interpolation  procedures  to  perform 
these  calculations  have  been  computer-adapted  and  rely  on  the  use  of 
spline  curves  for  all  data  specification. 


The  values  of  a and  8 are  calculated  from  the  grid  of  Cp  versus 

Ayaw 

Cppi^^  The  values  to  be  determined  from  the  calibration  data 
are  a function  of  two  independent  variables,  and  thus  a double 
interpolation  procedure  is  required.  Using  the  measured  data,  Cp  w 
and  can  be  calculated  from  Equations  (1)  and  (2) . These 

experimental  coefficients  are  represented  by  the  "primed"  superscripts, 
i.e.,  Cpyaw  and  Cpp^^.  Individual  spline  curves  are  passed  through 
the  Cpyaw  versus  cPp£tcjj  calibration  data  for  each  value  of  8.  At 


C^pitc^j  the  corresponding  values  of  Cp^aw  are  interpolated  from  the 
spline  curves  yielding  the  variation  of  8 versus  Cpyaw.  This 
resulting  monotonically  increasing  function,  when  evaluated  at 
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Cpyaw>  yields  the  experimental  local  flow  angle  in  the  yaw  plane,  8'* 
By  interchanging  the  dependent  and  independent  variables  and  forming 
the  functional  relationship  between  a and  CPp^tch  for  a constant  value 
of  Cpyaw>  the  experimental  value  of  the  local  pitch  angle,  a',  can 
be  determined. 


From  a‘  and  8*  the  experimental  value  of  the  static  pressure  coefficient, 
Cpstatic>  *s  obtained  from  the  second  part  of  the  calibration  data. 
Individual  spline  curves  are  passed  through  the  CPstat£c  versus  a 
data  for  each  value  of  8.  At  a’,  the  corresponding  values  of  CP„tat-Lc 
are  interpolated  from  the  spline  curves  yielding  the  variation  of 


CP 


static 


versus  8-  When  the  resulting  curve  is  evaluated  at  8*,  the 


experimental  value  of  the  static  pressure  coefficient,  Cpstatjc»  results. 
The  experimental  value  of  the  total  pressure  coefficient,  cptot;ap» 
is  evaluated  in  the  same  manner  using  the  third  graph  of  the  calibration 
data. 


When  the  absolute  value  of  the  reference  pressure  is  recorded,  the 
total  and  static  pressures  at  the  probe  tip  can  be  computed  from  Cptota^ 

and  Cpstatic’  resPectively* 


« (AP1-APt)/(AP1-AP) 


(7) 


and 


Thus, 
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APfc  = P„  „ , - P - 

t total  ref 


Ptotal  - Pref  + 4P1  ’ C^otal(iPr4P> 


In  Equation  (9) , all  terms  on  the  right  of  the  equal  sign  are  measured 
values  except  for  Cp tota i which  was  determined  from  the  calibration 
data.  In  a similar  manner,  the  static  pressure  is  computed  as 


'static  " Pref  + 4P  ' <*static<4Pr4P>  ' 


By  using  Bernoulli's  equation,  the  magnitude  of  the  local  total  velocity 
vector  is 


v‘VT' 


^total  ?static^ 


By  proper  manipulation  of  the  above  equations, V could  also  be  calculated 
directly  from  C|total  and  C$8tatic. 


V - {(2/p) (AP,-AP) (l+C^static~Cp 

total^ 
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When  Reynolds  number  or  wall  proximity  effects  are  present,  they  are 
included  as  corrections  to  the  calculated  static  pressure  coefficients. 


The  manner  by  which  the  velocity  is  resolved  is  dependent  upon  the 
order  of  rotation  employed  during  the  calibration,  i.e.,  upon  the 
type  of  probe  holder  employed.  The  two  corresponding  sets  of  equations 
are  presented  in  Figures  (1)  and  (2)  where  the  spatial  orientation 
of  the  velocity  vectors  are  illustrated.  A more  mathematically  rigorous 
approach  to  the  velocity  resolution  is  discussed  in  Appendix  A. 
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THE  EFFECTS  OF  REYNOLDS  NUMBER  ON  THE  CALIBRATION  DATA 


Meaningful  calibration  data  should  be  independent  of  the  measured 
quantities.  In  most  five-hole  probe  applications,  velocity  is  the 
primary  parameter  to  be  measured;  thus,  the  effect  of  changes  in 
Reynolds  number,  Rn>  on  the  calibration  data  should  be  evaluated. 

To  investigate  these  effects  the  prism  probes  were  calibrated  in  the 
open  jet  facility  over  an  range  of  2000  to  7000.  The  angle-tube 
probes  were  calibrated  in  the  water  tunnel  at  Rq=20,000  and  in  the 
open  jet  facility  at  11^=8400. 

For  both  types  of  five-hole  probes  the  total  pressure,  pitch  and  yaw 
coefficients  were  essentially  uneffected  by  the  Reynolds  number  variation. 
Whereas,  a measurable  change  in  the  static  pressure  coefficient  was 
observed  for  both  probe  geometries.  Typical  results  for  the  prism 
probes  are  shown  in  Figures  (10)  and  (11).  As  an  example,  the  effect 
of  an  R^  variation  from  3000  to  7000  at  a=30,  8=20  is  shown  to  produce 
a maximum  change  in  measured  static  pressure  of  5.5  percent  of  the 
dynamic  head  and  a 2.8  percent  change  in  the  velocity  measurement . 


To  account  for  the  dependency  of  the  static  pressure  coefficient  on 
the  Reynolds  number,  a three  parameter  calibration  in  terms  of  a, 

8,  and  R^  would  be  necessary.  In  application,  a corresponding  iterative 
procedure  in  terms  of  the  unknown  R^  would  be  required.  These  complications 
limit  the  practicality  of  the  probes  if  they  are  to  be  used  in  studies 
characterized  by  large  R^  variations.  However,  several  approaches 
are  possible:  one  is  to  calibrate  at  the  expected  Reynolds  number, 
another  is  to  determine  correction  factors  from  the  calibration  data 


and  to  apply  these  as  average  values  over  small  Rr  ranges.  This  latter 


fe£&  4i*#A  k2&*ig&g&  m^yrm&gS04 
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WALL  PROXIMITY  EFFECTS  ON  THE  CALIBRATION  DATA 

The  experimental  investigation  of  wall  proximity  effects  on  the  calibration 
characteristics  of  the  prism  probes  was  conducted  in  the  presence 
of  a sharp-edged  flat  plate  that  spanned  the  working  area  of  the  open 
jet  facility.  With  the  flat  plate  mounted  parallel  to  the.  flow  and 
with  the  measuring  station  located  S.O  inches  (12.7  cm)  downstream 
of  the  leading  edge,  the  local  boundary -layer  thickness  was  small  compared 
to  the  probe  diameter.  Thus,  any  changes  in  the  calibration  characteristics 
in  the  proximity  of  the  plate  were  attributed  to  a probe-plate  potential 
flow  interaction  as  opposed  to  boundary -layer  effects.  It  should 
be  noted  that  errors  in  boundary -layer  measurements  are  primarily 
a function  of  the  local  velocity  gradient  and  the  size  and  spacing 
of  the  holes.  This  implies  that  the  problem  in  boundary -layer  measure- 
ments is  one  of  probe  selection  and  not  one  of  calibration. 

Calibrations  were  conducted  at  Rn=7000  for  the  probe  both  approaching 
and  being  withdrawn  through  the  plate.  For  both  installatfons,  8 
was  varied  from  -30°  to  +30°  at  each  of  the  selected  measuring  points 
while  maintaining  a=0°  and  a perpendicular  probe-plate  orientation. 

These  latter  restrictions  were  necessary;  since,  with  the  present 
apparatus,  it  was  impossible  to  change  the  flow  angle,  a,  without 
also  altering  the  orientation  of  the  probe  with  respect  to  the  plate. 
Although  the  effects  caused  by  a wall  may  be  a function  of  both  a 
and  B as  well  as  the  distance  to  the  wall,  the  pitch  angle  could 
not  be  varied  without  introducing  the  probe-plate  orientation  as 
an  additional  variable.  Thus,  to  apply  the  wall  effects  data  the 
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assumption  must  be  made  that  the  probe  response,  is  independent  of 


pitch  angle.  This  assumption  appears  reasonable  from  observations 


of  the  available  data.  Figures  (12)  and  (14)  show  that  the  changes 


in  calibration  data  as  a function  of  distance  are  quite  similar  for 


the  various  yaw  angles  test  ad.  This  suggests  that  the  wall  proximity 


effects  are  primarily  a function  of  distance  only.  Additional  investi- 


gations in  this  area  would  require  an  apparatus  capable  of  changing  a 


while  maintaining  the  same  probe-like  orientation.  For  calibrations 


with  the  probe  approaching  the  plate,  only  the  static  pressure  coefficient 


was  altered.,  A representative  variation  of  ^Pstatic  with  probe- to- 


plate  spacing  is  shown  in  Figure  (12) . For  the  other  configuration  in 


which  the  probe  was  withdrawn  through  the  plate,  all  calibration 


coefficients  were  altered  within  two  probe  diameters  of  the  plate.  These 


effects  are  illustrated  by  the  Cp  and  Cp  _ data  shown  in 

J *yaw  ^static 


Figures  (13)  and  (14),  respectively.  This  observed  variation  in  all 


coefficients  makes  these  probes  essentially  impractical  for  measurements 


when  the  center  hole  is  within  two  probe  diameters  of  the  wall.  Thus,  a 


limitation  of  two  probe  diameters  is  imposed  as  the  probe  is  withdrawn 


through  a wall;  whereas  the  probe's  geometry  imposes  a physical  limitation 


of  the  same  magnitude  as  the  probe  approaches  a wall. 


Restricting  the  use  of  the  probe  to  distances  greater  than  two  probe 


diameters  does  not  eliminate  all  wall  interaction  effects.  Figures 


(12)  and  (14)  show  that  ^p  ^ still  affected  at  greater  distances. 


, *sw«?>Mbev  -w *w*l^s®  38&J5  *??'  1 
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These  effects  of  the  wall,  when  limited  to  Cpstat^c  only,  can  be  incorporated 
in  the  data  reduction  program  in  a similar  manner  to  that  used  for  the 
Reynolds  number  effects. 


■ j^jfcgaadBSilb^aOwaalii aksz*.* 
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EXPERIMENTAL  APPLICATION 


As  implied  by  previous  statements,  the  fi^e-hole  probes  were  first 
applied  at  ARL/PSU  to  measure  the  three-dimensional  wake  occurring 
in  the  propeller  plane  of  a surface  ship  model.  In  this  case  six 
individually  calibrated  angle-tube  probes  were  assembled  in  a rotating 
wake  rake  as  shown  in  Figure  (15).  Typical  results  of  a circumferential 
survey  at  one  radial  position  are  presented  in  Figure  (16)  and  compared 
with  towing  tank  data  obtained  using  a 0.375  inch  (0.952  cm)  diameter- 
spherical  five-hole  probe. 

Presented  in  Figure  (17)  are  the  results  of  boundary  layer  surveys 
conducted  in  air  on  an  elliptic  body  of  revolution.  These  surveys 
were  made  with  a boundary  layer  rake,  a hot  wire  sensor,  and  a 0.125 
inch  (0.318  cm)  diameter  prism  probe.  Additional  comparative  data 
are  shown  in  Figure  (18) , where  the  flow  immediately  downstream  of 
a rotating  blade  row  was  surveyed  with  both  a laser  doppler  velocimeter 
and  a prism  probe. 


■ 
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SUMMARY 


Probes  of  angle-tube  design  manufactured  at  ARL/PSU  and  commercially 


available  prism  probes  were  calibrated  in  the  12-inch  diameter 


water  tunnel  and  the  open  air  jet  facility.  The  probes  were 


individually  mounted  in  a calibration  device  which  permitted  a ±30° 


variation  in  both  pitch  and  yaw  angle  with  respect  to  the  known 


velocity.  The  response  coefficient  measured  at  each  angular 


settling,  when  mathematically  connected  by  spline  curves,  defined 


the  calibration  grids  for  each  probe. 


For  calibrations  of  this  type  to  be  meaningful,  the  calibration  data 


must  be  repeatable  and  independent  of  the  measured  quantities.  Each 


probe  was  calibrated  three  times  to  demonstrate  the  repeatability 


of  the  data  and  to  permit  the  averaging  of  the  data  to  further  reduce 


the  minimal  data  scatter.  Additional  measurements  were  conducted 


to  assess  the  influence  of  Reynolds  number  on  tne  calibration  data. 


For  the  range  of  Reynolds  number  employed,  no  effect  was  measured 


on  the  pitch,  yaw,  or  total  pressure  coefficients;  whereas,  the 


static  pressure  coefficient  showed  sufficient  change  to  cause  minor 


variations  in  the  magnitude  of  the  calculated  velocity  vector. 


However,  average  correction  factors  were  incorporated  into  the  data 


reduction  procedures  to  account  for  these  variations  in  the  static 


pressure  coefficients. 


Also  investigated  was  the  effect  of  wall  proximity  on  the  calibration 


data  obtained  for  the  prism  probe.  Calibrations  were  conducted  for 


a probe  approaching  normal  to  a flat  plate  that  had  been  aligned  parallel 
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to  the  reference  flow.  Only  the  static  pressure  coefficient  exhibited 
significant  changes.  For  the  probe  being  withdrawn  through  the 
plate,  all  calibration  coefficients  were  altered  with  two  probe 
diameters  of  the  wall;  however,  at  distances  greater  than  two  probe 
diameters  from  the  wall,  only  the  static  pressure  coefficient  was  influenced. 
These  wall  interference  corrections  were  also  incorporated  in  the 
final  data  reduction  program  which  uses  a spline  curve  interpolation 
procedure  to  calculate  the  three  cylindrical  velocity  components 
from  the  five  measured  pressures. 


The  probes  have  been  used  to  survey  the  three-dimensional  flow  fields 
in  the  propeller-planes  of  surface  ships,  as  well  as  in  the  inlet 
and  exit  planes  of  other  rotating  blade  rows.  These  results 
agreed  well  with  data  measured  by  other  types  of  probes  and  velocity 
measuring  instrumentation. 
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Appendix  A 


Vector  Resolution 


In  this  appendix  an  analytical  development  of  the  vector  resolution 
equations  shown  in  Figures  (1)  and  (2)  is  presented.  The  question  to  be 
answered  is:  What  are  the  R,  0 and  X components  of  a vector  V at  angles 
a and  8 with  respect  to  the  local  probe  axes?  From  Figures  (1)  and  (2) 
it  is  obvious  that  this  question  has  two  answers  which  depend  on  the 

definition  of  the  pitch  angle  a and  the  yaw  angle  8*  Defined  in  Figure 

(1)  is  the  relationship  between  a,  8 and  V resulting  from  calibrations 
where  the  first  rotation  was  in  the  yaw-plane  followed  by  rotation  in 
the  pitch-plane  (yaw-pitch  mode) . The  alternate  rotational  procedure 
(pitch-yaw  mode)  is  defined  in  Figure  (2) . For  either  mode  of  operation 
the  resulting  equations  can  be  developed  from  the  orthogonal  transformation 
procedure  discussed  in  Reference  [10]. 

Consider  any  vector  V whose  components  are  V^,  V in  the 

original,  or  unprimed  coordinate  system  and  Vi,  Vi,  V'  in  the  primed  or 

rotated  coordinate  system.  It  can  be  shown  that  the  primed  components 
can  be  computed  from 


vi  ’ J v3 

where  the  a^’s  are  the  diretion  cosines  defined  by 


a^  = cos(X^,Xj) 


The  symbol  (X|,Xj)  represents  the  angle  betv:een  the  positive  direction 
of  the  axes  X^  and  X^.  The  vector  resolution  for  data  obtained  from 
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probes  that  were  calibrated  in  the  yaw-pitch  mode  will  be  examined 
first. 

Vector  Resolution  for  Probes  Calibrated  in  the  Yaw-Pitch  Mode 

Let  V be  the  reference  velocity  in  the  positive  direction  of  the 
original  axes  system;  i.e.,  V^G.O;  V2=0.0  and  V3=V.  The  first  rotation 
is  a yawing  motion  about  the  X^  axis  of  magnitude  $.  The  goemetry  is 
illustrated  in  Figure  (1A) . 


Figure  (1A) 


Thus, 


all  = cos(x{»xi)  “ 
a21  *»  costX^.X^  = 

a^^  — cos(X3»X^)  — 

a12  = cos(X|,X2)  = 

a22  = cos(X^,X2)  = 

a32  = C0S(X3»X2^  = 

a13  = cos<xi»x3)  = 
a23  » cos(X2,X3)  = 

a33  = cos(X^,X3)  = 


cos(0°)  = 1.0 
cos (90°)  = 0.0 
cos(90°)  = 0.0 
cos(90°)  = 0.0 
cos  (8)  = cosfS 
cos(90°+8)  = -sing 
cos(90°)  = 0.0 
cos (90°-$)  *»  sin8 
cosg 


(3A) 
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I 


From  Equation  (1A)  the  components  of  V in  the  rotated  axes  system  are 


Vi  = all  V1  + a12  V2  + a13  V3  = °*° 

V2  " a21  V1  + a22  V2  + a23  V3  = V Sin$ 

V3  = a31  V1  + a32  V2  + a33  V3  = ? 0030 


(AA) 

(5A) 

(6A) 


For  the  yaw-pitch  calibration  the  next  rotation  is  a pitching  motion 
about  the  X^  axis  of  magnitude  a.  This  final  axes  orientation  will  be 
denoted  by  the  double  primed  symbols.  The  geometry  is  shown  in  Figure  (2A) , 


J 


ft 


*11 


*21 


a„  = 


cos(XpXp 


cos  (X^jXp  = 
costf^X’) 


31 


« vM  = 


a 


12 


22 


cos(X",Xp 

cos(X£,X£) 


i32  = cos(X3,Xp  = 


*13 


*23 


3«\o  “ 


*33 


cos  (XpXj) 
cos(X^,Xp 
cos(X'3,X3) 


cosa 

cos(90°)  = 0.0 
cos(90+a)  = -sina 
cos(90)  = 0.0 
cos(0)  = 1.0 
cos(90)  = 0.0 
cos(90-a)  = sina 
cos(90°)  = 0.0 
cosa 


(7A) 


-31-  18  January  1978 

ALT:AMY: jep 

The  components  Vj,  V|j,  of  the  original  vector  V relative  to  the 
final  axes  orientation  are  obtained  by  combining  Equations  (4A)  through 
(7A)  via  Equation  (1A) . 


V1 

V2 


V3 


a,;  V,'  + a,„  Vi  + a 


*11  *1 


12  2 


13  3 


a21  Vi  + a22  V2  + a23  V3 


a31  Vi  + a32  v2  + a33  v3 


V cos8  sina 

V sinB 

V cosB  cosa 


(8A) 

(9A) 

(10A) 


In  many  applications  these  three  velocity  components  are  identified  as 
follows : 


= V cos8  sina 

(11A) 

= V sinfS 

(12A) 

V cos 8 cosa 

(13A) 

For  surface  ship  applications  is  positive  when  directed  radially  inward 
along  the  longitudinal  probe  axis;  Vg  is  positive  when  directed  counter- 
clockwise when  looking  upstream;  and  V is  positive  in  the  axial  direction 
as  shown  in  Figure'-  (1)  and  (2).  In  Figures  (1A)  and  (2A)  the  direction 
of  rotation  was  chosen  so  that  positive  vector  components  resulted. 

Vector  Resolution  for  Probes  Calibrated  in  the  Pitch-Yaw  Mode 

The  previous  procedure  is  continued  in  this  section;  only  the  order 
of  rotation  is  changed.  The  first  rotation  is  a pitching  motion  about 
the  X£  axis  of  magnitude  a.  Again,  V is  the  reference  velocity  which 
has  as  its  only  nonzero  component.  The  geometry  is  shown  in  Figure 


1 


% 


•go 

CM 


1 


(3A) . 
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Since  V^  and  Vj  are  both  zero 
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Figure  (3A) 


V’  ■ a13  V3  = cos(90°-a)V3  = V sina  (14A) 

V2  = a23  V3  = COS<90°)V3  " 0.0  (15A) 

V*  = a33  V3=V  cosa  . (16A) 


For  the  pitch-yaw  calibration  the  next  rotation  is  a yawing  motion 
about  the  axis  of  magnitude  g.  The  final  axes  orientation  is 
denoted  by  the  double  primed  symbols  in  Figure  (4A) . 


-33- 
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all  ~ c°s(0)  =1.0 
a21  = cos(90°)  = 0.0 
a^  = cos(90°)  = 0.0 
= cos(90°)  = 0.0 
a^j  = cosB 

a32  ~ cos  (90+3)  = -sinB 
a^^  = cos(90°)  = 0.0 
a23  = cos(50-$)  = sinB 
a33  = cose 


(17A) 


As  before,  the  components  v!£,  V^,  of  the  original  vector  V 
relative  to  the  final  axes  orientation  are  obtained  by  combining  Equations 
(14A)  through  (17A)  via  Equation  (1A) . 


= V sina 
V’^  = V cosa 
Vg  = V cosa 

In  more  usual  terminology 


(18A) 

sinB 

(19A) 

cosB 

(20A) 

VR  = V1  = V sinCt 
Vg  = Vg  = V cosa  sinB 

Vx  = V'^  = V cosa  cosB 


(21A) 

(22A) 

(23A) 


Thus,  it  has  been  demonstrated  that  two  different  sets  of  data  reduction 
equations  are  required  by  the  two  calibration  procedures. 


■PITCH  CALIBRATION  DEVICE 


Fig.  6 - CALIBRATION  SCHEMATIC  (OPEN  JET  FACILITY) 
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Fig.  12  - TYPICAL  WALL  PROXIMITY  EFFECTS  ON  THE 
CALIBRATION  DATA 
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Fig.  14  - TYPICAL  WALL  PROXIMITY  EFFECTS  ON  THE 
CALIBRATION  DATA 
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